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– Thermochemical Properties in Oxides 
– Ellingham-Richardson Diagrams 
– Stability Diagrams 
  
– Thermochemistry of Oxides and Nitrides 
– Nitrides in the System Iron - Chromium - Carbon 
– Nitrogen and Oxygen in Iron - Silicon 
 
– Summary 
Oxidation Processes in Steels 
scale (mainly ‘FeO’) 
Grain Boundary Oxidation 
Singheiser et.al., Materials & Corrosion 62 (2011) 504 
The Problem 
pictures from various internet sources and FACTSage 
The Problem 
pictures from various internet sources and FACTSage 
Lost in Translation? 








термодинамики “ „আমি তাপগমতমিদ্যা 
পছন্দ “ 
An Effective Solution 








термодинамики “ „আমি তাপগমতমিদ্যা 
পছন্দ “ 
An Effective Solution 
„I like thermo-
dynamics“ 















Oregon State University at www.oregonstate.edu (dl 02.07.2013) 
Ellingham Diagram with FACTSage 






















Ellingham Diagram with FACTSage 






















Ellingham Diagram with FACTSage 






















Ellingham Diagrams for Oxide Formation 
Ellingham Diagrams for Oxide Formation 
Ellingham Diagrams for Oxide Formation 
Ellingham Diagram with FACTSage 
2 Fe + O2    2 FeO 
Stability Diagrams with FACTSage 
2 Fe + O2    2 FeO 
Stability Diagrams with FACTSage 
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Iron – Manganese – Chromium alloy 
Figure: Spatial phase distribution in an Fe, 2 wt-% Mn, 0.8 wt-% Cr alloy after 
oxidation at p(O2)= 3·10
-22 bar and 700 °C for 120 min and ternary phase diagram. 
published in Mater. Sci. Forum 969 (2011) p.76 
Part II 
 
Gaseous Nitriding in the system 
Fe – Cr – C  
Nitriding of  Fe, 1 wt-% Cr, 0.10 wt-% C and  
  
Conditions: 48 h at 500 °C 
 p(NH3) : p(H2) = 100 (KN = 1 000) 





Figure: Lehrer-Diagram of iron nitrides according to literature (left) and calculated 
with the programme FactSage (right). 













































http://www.ipsenusa.com (dl 12.10.2010) 
Iron – Chromium – Carbon alloy 
published in HTM J. Heat Treatm. Mat. 66 (2011) p.100 
Figure: Spatial phase distribution in an Fe, 1 wt-% Cr, 0.1 wt-% C alloy after gas 
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Binary Phase Diagrams 
Binary Phase Diagrams 
The System Iron – Nitrogen 
Figure: Nitrogen Solubility in Iron at 1 bar (left) and binary Iron-Nitrogen phase 
diagram, calculated with FACTSage (right). 
H. Zitter, L. Habel Arch. Eisenhüttenwes. 44 (1973) 181. 
The System Iron – Nitrogen 
Figure: Nitrogen Solubility in Iron at 1 bar (left) and binary Iron-Nitrogen phase 
diagram, calculated with FACTSage (right). 
H. Zitter, L. Habel Arch. Eisenhüttenwes. 44 (1973) 181. 
p1 
The System Iron – Nitrogen 
Figure: Nitrogen Solubility in Iron at 1 bar (left) and binary Iron-Nitrogen phase 
diagram, calculated with FACTSage (right). 




Gaseous Nitriding and Oxidation  
in the system Fe – Si  
Nitriding of  Fe, 1 wt-% Si 
 
Conditions: 20 h at 550 °C (KN = 1 000) 
   4 h at 550 °C (KO ≈ 0.01) 
Stability Diagram of Iron – Silicon 
Figure: Stability diagram of an Fe, 1 wt-% Si alloy at 550 °C with respect to the 













































































































Simulation Results with ASTRID 
Figure: Spatial phase distribution in Fe, 1 wt-% Si after gaseous nitriding for 20 h at 
KN = 1 000 and oxidation for 4 h and KO ≈ 0.01 (ptot= 1 atm, 550 °C) . 
Appl. Simul. of Thermodyn. Reactions and Interphase Diffusion 
Ternary Phase Diagrams 
Ternary Phase Diagrams 
Ternary Phase Diagrams 
Conclusions  - The Problem 
pictures from various internet sources and FACTSage 
Conclusions – An Effective Solution 
pictures from various internet sources and FACTSage 
Conclusions – An Effective Solution 
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Additional Slides for the Presentation 
Where we work… 
Max-Planck-Institut 
für Eisenforschung GmbH 
 
Head: Prof. Dierk Raabe 
Founded in 1917 from the “Kaiser Wilhelm Institute” 
by Fritz Wüst. 
 
3 Departments: 
 Computational Materials Design 
 Interface Chemistry and Surface Engineering 
 Microstructure Physics and Alloy Design 
From where I am 
Austria 
 
Area:  83 879 km² 
Inhabitants: ~ 8 405 000 
Language:  German 
 
Capital:  Vienna 










































Levine – MacCallum equation 
I. Kaur “Fundamentals of … Boundary Diffusion” WILEY (1995) 
Some Published Works on HT-Corrosion 
Programme Algorithm 











































































element migration chemical reaction 
 






ASTRID, published in Oxid. Met. 76 (2011) 247 
Data Handling 









Figure: Spatial phase distributions of Fe, 2 wt-% Al (4.05 mol-% Al) after oxidation 
at p(O2) = 10












Detail of a Grain Boundary 
Figure: Spatial distribution of chromium oxides Cr2O3 and FeCr2O4 along  a grain 
boundary in Fe, 3 wt-% Cr after finished cooling from 650 °C. 
Diffusion between different Phases 
http://adsjapan.blogspot.com and http://www.gettyimages.com 
Figures: Shibuya (渋谷) crossing in Tokyo with green and red pedestrian lights. 
single phase 


























[1] Blavette et al. Microsc. Microanal. 13 (2007) 464 
Figure: Numerical simulation of segregation (left) and 3D atom probe tomography 
of segregated boron atoms along the grain boundary in a NiAl superalloy [1] (right). 
t = 0 
t   
concentration 
Calculation of the Oxidation Depth 


















Oxidation depth in Sample x / µm
µ, s 







































Depth into Steel Sample x / µm
 Cr- oxides metallic Cr 
Multikomponentensysteme 
Abbildung: Phasenverteilung einer industrienahen Legierungszusammensetzung 
nach erfolgter Oxidation bei p(O2) = 10
-22 bar und einer technischen Abkühlkurve. 
Temperature Dependence 
  
             Diffusion equation  











































Temperatue T / K
Figure: Temperature dependence of phosphorous diffusion in iron. 
I. Stloukal, C. Herzig, Z. Metallkd. 93 (2002) 88 
Thermodynamic Principles 
Figure:  State diagram of water [2] (left) and schematic temperature evolution with 
  constant heating (right). 










Efficiency of the Calculation 
Figure: Distribution of Cr2O3 in Fe, 0.67 wt-% Cr at 700 °C after 90 min. Simulation 
with InCorr (left) and with self-written programme (right). 
300 FEM-points 
Calculation time: 90 min 
63 000 FEM-points 
Calculation time: 120 min 
25 µm 
Berechnungsaufwand 
Abbildung: Abhängigkeit der Rechenzeit zur Simulation des Oxidationsverhaltens 
von Fe, 3 wt-% Cr bei verwendetem Kühlprogramm ab 650 °C (B).  




























 C – regime B – regime A – regime 
Grain Boundary Diffusion Regimes 
Figure:  Illustration of different diffusion regimes, depending on total diffusion time 
  and  ratio of DGB/D. 
















in Rev. Sci. Instr. (2013), accepted 

Selective Decarburisation at 800 °C 
Figure: Experimental parameters during selective decarburisation of Fe, 0.8 wt-% C 
at 800°C in Ar / 2.5 vol-% H2 / H2O. 
M. Auinger, V.G. Praig, et.al., Corros. Sci., submitted 
Selective Decarburisation at 800 °C 
Figure: Mass change during selective decarburisation of Fe, 0.8 wt-% C at 800°C 
in Ar / 2.5 vol-% H2 / H2O. 


























time t / min
 measurement from 27.04.2012
 measurement from 26.04.2012
 measurement from 04.08.2012
Fe, 0.8 wt-%C, 800 °C, Ar/2.5% H
2
, DP+13°C
M. Auinger, V.G. Praig, et.al., Corros. Sci., submitted 
Selective Decarburisation at 800 °C 
Figure: Cross section of Fe, 0.8 wt-% C after oxidation at 800 °C in Ar / 2.5 % H2 / 
H2O for 60 min. The cross section was etched with 1 % HNO3 / Ethanol for 15 s. 
M. Auinger, V.G. Praig, et.al., Corros. Sci., submitted 
Selective Decarburisation at 800 °C 
Figure: Evolution of the decarburised zone depth in Fe, 0.8 wt-% C after oxidation 
at 800 °C in Ar / 2.5 % H2 / H2O. The solid lines represent theoretical results. 
M. Auinger, V.G. Praig, et.al., Corros. Sci., submitted 
Selective Decarburisation at 800 °C 
Figure: Evolution of the mass change in Fe, 0.8 wt-% C during oxidation at 800 °C 
in Ar / 2.5 % H2 / H2O. The solid lines represent the theoretical results. 
M. Auinger, V.G. Praig, et.al., Corros. Sci., submitted 
Ellingham – Formulas + FACTSage Pic 
Text here 





































































































Properties of Nitrogen 
figures from Landoldt-Börnstein (right) and FACTSage (left) 
Nitride Stability 







































































































































































































































































http://www.ipsenusa.com (dl 12.10.2010) 
Figure: Lehrer-Diagram of iron nitrides according to literature (left) and stability 
diagram calculated with the programme FactSage (right). 
